The plasmid-mediated extended-spectrum β-lactamases (ESBLs) and AmpC β-lactamases in Enterobacter spp. have increasingly been reported. In this study, we investigated the prevalence of the plasmid-mediated β-lactamases in Enterobacter cloacae from bloodstream isolates at a medical center in southern Taiwan. ESBL and ampC genes were detected by PCRs and DNA sequencing. Conjugation experiments were conducted to confirm the transferability of the genetic resistance trait. Among 41 non-repetitive blood isolates of cefuroxime-resistant E. cloacae, eight isolates exhibited ESBL phenotype confirmed by double-disk synergistic tests. Nearly all the strains were susceptible to carbapenems. The prevalence rate of the plasmid-mediated bla ampC genes was 73% (30/41), including one bla DHA-1 , one bla MIR-6 , two novel bla CMH-1 genes and other bla ACT-like genes. Coexistence of plasmid-mediated bla ACT and ESBL genes (10 with bla SHV-12 and one with bla CTX-M-3 ) was observed. Successful transmissions of the bla ACT and bla CMH-1 were demonstrated in some transconjugants. The inducible or derepressed CMH-1 had expanded activity of isolates versus ceftazidime. Enterobacterial repetitive intergenic consensus (ERIC)-PCR analysis and pulsotype showed distinct patterns suggesting non-clonal relationship. In conclusion, plasmid-mediated bla ACT-like ampC genes in E. cloacae isolates have been highly prevalent in southern Taiwan and may continue genetic evolution, contributing to the complexities in antibiotic-resistant mechanisms.
Introduction
Resistance to β-lactam antibiotics is an emerging problem and β-lactamase production is the most common mechanism of antimicrobial resistance, especially in Gram-negative organisms [1] . In addition, the acquisition of resistance mechanisms including extended spectrum β-lactamases (ESBLs), plasmid-mediated AmpC β-lactamases and metallo-β-lactamases (MBLs) have been reported [2, 3] . Among them, ESBLs that derive from genes for TEM-1, TEM-2, or SHV-1 by mutations have been reported worldwide in clinical Enterobacteriaceae and represent a significantly increasing problem of great concern, particularly for Klebsiella pneumoniae and Escherichia coli [4] [5] [6] . Chromosome-mediated
Material and Methods

Clinical Isolates and Antimicrobial Susceptibility Testing
Non-repetitive clinical isolates of cefuroxime-resistant E. cloacae isolates from bloodstream infection were collected from Chi Mei Medical Center in southern Taiwan during 2007-2011. The isolates were frozen at −70 • C in Luria Bertani broth with 15% glycerol prior to testing. ESBL phenotype was confirmed by double-disk synergy test (DDST) [30] . Minimal inhibitory concentrations (MICs) were determined by using commercially available dry plates (Sensititre NHRIGN9; TREK Diagnostic Systems, Cleveland, OH) and were interpreted according to the guidelines of the Clinical Laboratory Standards Institute [31] . E. coli ATCC 25922 was used as a drug-susceptible strain of quality control. K. pneumonia ATCC 700603 was used as a quality control strain for ESBL detection.
DNA Manipulation, PCR Amplification and Sequencing
Plasmids from the isolates were extracted by alkaline lysis procedure [32] . The plasmid DNA was used as a template under standard PCR conditions with a series of primers designed for the detection of the class A β-lactamase genes including bla KPC , bla GES , bla SME , bla IMI ; class B β-lactamase genes including bla IMP , bla VIM , bla NDM-1 ; ampC genes; and class D β-lactamase genes [33] [34] [35] . All oligonucleotide primers used in this study were tabulated in Table 1 [36] [37] [38] [39] . Moreover, after initial screening with EBC (a family of ampC genes) primers (shown in Table 1 ) and subsequent PCR product DNA sequencing, specific novel primers were designed for PCR amplification, cloning and entire DNA sequencing analysis to confirm bla CMH-1 and bla MIR-6 genes by using CMH-1 F (5 ATGATGACAA AATCCCTAAGCTG 3 ) and CMH-1 R (5 TTACTGTAGCGCGTCGAGGATA 3 ) as well as MIR-6 F (5 ATGATGACAAAATCCCTAAGCTG 3 ) and MIR-6 R (5 TTACTGCAGCGCGTCGACG 3 ) respectively. The Basic Local Alignment Search Tool (BLAST) website at the National Center for Biotechnology Information (NCBI) was applied for searching, analyzing and aligning sequences (www.ncbi.nlm.nih.gov). The PCR products were sequenced using a forward primer and a reverse primer for paired matching. The novel CMH-1 and MIR-6 primers were designed based on the reference sequences from chromosomal ampC gene in E. cloacae ATCC 13047 strain (accession number YP_003611068) and plasmid-mediated MIR-5 ampC gene from K. pneumoniae 801 EBC801 strain (accession number NG_049306) respectively. The sizes of PCR products of CMH-1 and MIR-6 were both 1146 bp. In addition, the PCR-NheI method was used to discriminate SHV-type ESBLs from non-ESBLs. PCR-NheI restriction analysis suggested by Nuesch-Inderbinen et al. employs a PCR-restriction fragment length polymorphism method, using a restriction enzyme of NheI to detect a point mutation of Gly238Ser within the sequences of PCR products, which might distinguish the majority of the SHV-derived ESBL variants from the SHV-1 gene [40] . 
Note. a for cloning and entire ampC DNA sequencing.
Plasmid Conjugation Experiments and Southern Hybridization
Conjugation experiments were performed by the filter mating method and a rifampin-resistant strain E. coli J53 was used as the recipient strain [41] . Plasmid analysis was performed by electrophoresis at 100 V for 50 min in 1% agarose gel. Southern hybridization was carried out with a digoxigenin (DIG)-labeled probe targeting for the bla MIR/ACT gene (closely related to chromosomal EBC family ampC gene, Table 1 ) using a DIG system [37] .
Pulsed-Field Gel Electrophoresis (PFGE)
Genomic DNA of E. cloacae isolates was extracted as described previously [42] . Enterobacterial repetitive intergenic consensus (ERIC)-PCR analysis was used to determine the genomic relatedness between isolates [43] . PFGE was performed with a CHEF Mapper XA System (Bio-Rad Laboratories) using XbaI (Bio-Rad) for DNA digestion [42] . Cluster analyses of pulsotypes were performed by the UPGMA (Unweighted Pair Group Method with Arithmetic mean) algorithms and were compared using the BioNumerics program, which is commercial software purchased from the bioMérieux company (Applied Maths Inc., Austin, TX, USA). Similarity coefficients were calculated by using the Dice algorithm, a set of statistical tools in the BioNumerics program [44, 45] .
Results
Bacterial Strains and Antimicrobial Susceptibility Profiles
Forty-one cefuroxime-resistant E. cloacae isolates from bloodstream infections were collected and tested with MICs shown in Table 2 
Detection of β-Lactamase Genes on Plasmid and Antibiograms
The PCR methods using specific primers as presented in Table 1 did not identify any isolate containing a class A carbapenemase gene (such as bla KP C and bla GES ) or a class B MBLs gene (such as bla IMP , bla VIM , and bla NDM ).
The plasmid-mediated ampC genes were found in 30 E. cloacae isolates (73%, 30/41), according to PCR analysis based on plasmid DNA preparation as templates. Among the 30 isolates with plasmid-mediated bla ampC , coexisting bla SHV-12 (n = 10), bla TEM-1 (n = 7) and bla CTX-M-3 (n = 1) were identified (Table 3) . Among the seven isolates with bla TEM-1 , four isolates also harbored a bla ampC and a bla SHV-12 . Among ten isolates with a bla SHV-12 gene, seven isolates exhibited ESBL phenotype. The eight isolates with ESBL phenotype were contributed by SHV-12 (n = 7) and CTX-M-3 (n = 1). Moreover, two novel plasmid-mediated bla CMH-1 (accession number JQ673557, n = 2) and bla MIR-6 (accession number JQ664733, n = 1) were identified and other bla ampC genes were unnamed ACT-like ampC genes with various identities close to chromosomal ACT-9 or ACT-2 genes belonging to EBC family. The bla CMH-1 gene has high identification of 99% to a chromosomally intrinsic ampC gene in E. cloacae ATCC 13047 strain (accession number YP_003611068), 88% identification to a chromosomal ACT-9 gene in Pantoea agglomerans (accession number YP_004712370), and 87% identification to a chromosomal ACT-2 gene in Enterobacter asburiae (accession number CAJ28994) (Supplementary Figures S1-S4 ). The bla MIR-6 gene has high identification of 99% to a plasmid-mediated bla MIR-5 ampC gene found in K. pneumoniae 801 EBC801 strain (accession number NG_049306). In addition to MIR/ACT gene, a plasmid-mediated ampC gene of DHA-1 was identified in this study (n = 1).
The plasmid-mediated ampC genotypes or those coexisting with ESBL genes were difficult to predict by classification of antimicrobial resistance phenotypes (antibiograms). The antibiotic resistance codes were designed by two components: part I profile was based on β-lactamase phenotype (resistance to ceftazidime, cefotaxime, ceftriaxone and cefepime); and part II profile was based on co-resistance to imipenem, ciprofloxacin and aminoglycosides (Table 3 ). The most common antibiogram of isolates with a plasmid-mediated ampC gene was type I resistance code, indicating hyperproduction of AmpC β-lactamases. However, the second common antibiogram of isolates with a plasmid-mediated ampC gene was type III resistance code, indicating low-level or repressive AmpC production, which was difficult to differentiate from those isolates without a plasmid-mediated ampC gene. The resistance codes V to VII might indicate isolates coexisting with ESBL genes, particularly with emphasis on resistance to cefepime (Table 3) . Table 3 . Plasmid-mediated β-lactamase genes were found in 30 of 41 E. cloacae bloodstream isolates. 
ACT 
Plasmid Profiles and Location of Resistance Gene
Plasmid profiles were studied in the 41 isolates of E. cloacae. Plasmid analysis revealed different plasmid profiles (partially shown in Figure 1A ). Meanwhile, bla ACT-like ampC genes encoded on plasmids of 30 E. cloacae isolates were also identified by hybridizing with the EBC primer-specific probe (partially shown in Figure 1B) . (A) Plasmid analysis shows different profiles of E. cloacae isolates and (B) southern hybridization analysis shows bla ACT-like genes hybridizing with the Enterobacter cloacae using EBC primer-specific probe. Note. 5, EntC-5 strain; 6, EntC-6 strain; 28, EntC-28 strain; 29, EntC-29 strain.
Some of the AmpC-producing plasmids, for example, in strains EntC-5, EntC-28, and EntC-6 that harboring bla CMH-1 , could be transferred into the transconjugant strains of E. coli J53 in the conjugated experiments ( Figure 2 ). PCR on plasmid templates from parental and transconjugant strains using specific EBC, CMH-1 and MIR-6 primers and subsequent DNA sequencing and cloning analysis revealed that bla ACT-like genes (in EntC-5 and EntC-28 strains) and bla CMH-1 (in EntC-6 strain) were encoded on plasmids of parental and transconjugant strains. Nonetheless, bla MIR-6 was only found in EntC-29 parental strain but not in its transconjugant strain (data not shown). The MICs of E. cloacae EntC-6 parental strain and its transconjugant showed high-level activities of the plasmid-mediated CMH-1 against ceftazidime, cefotaxine and ceftriaxone (Table 4 ). The colistin resistance gene was not successfully conjugated into E. coli J53 recipient. The E. cloacae parental strains (EntC-5 and EntC-28) showed relatively low-level MICs for ceftazidime, cefotaxine and ceftriaxone (0.5-4 mg/L), whereas their transconjugants (5L14, 5H15, 28L1 and 28H5) exhibited higher levels of MIC for ceftazidime (≥256 mg/L) and variable levels of MIC for cefotaxime and ceftriaxone (16-256 mg/L). The transference of plasmid-mediated bla MIR-6 of E. cloacae EntC-29 has failed in the conjugation experiments. 
Molecular Typing for Genomic DNA
The results of ERIC-PCR patterns were very heterogeneous (partially shown in Figure 3 ), suggesting non-clonal relationship of the studied isolates. In addition, based on PFGE pulsotype patterns, 32 selected isolates were separated into different groups, also suggesting an unrelated genetic relationship (Figure 4) . Figure 4 . Genomic cluster analysis and pulsotype profiles of PFGE for 32 bloodstream infection E. cloacae isolates, including 30 isolates with plasmid-mediated ampC genes and 2 isolates without plasmid-mediated ampC genes (EntC-23 and EntC-24).
Discussion
Infections caused by E. cloacae are difficult to treat as the majority of isolates exhibit varying degrees of β-lactamase-mediated resistance to most of the third-generation cephalosporins. The degree of resistance of an isolate with low levels of AmpC production is inducible to high-level resistance by an initially susceptible cephalosporin, which itself might play a role of strong inducer of AmpC production. In fact, they are capable of overproducing AmpC β-lactamases by induction of a β-lactam antibiotic, by derepression of a chromosomal ampC gene, or by the acquisition of a transferable ampC gene on the plasmids, thus conferring resistance to the broad-spectrum antibiotics except for fourth-generation cephalosporins [46, 47] . Some E. cloacae strains are now both ESBL and AmpC co-producers and could therefore confer resistance to both third-and fourth-generation cephalosporins [16] .
Among a collection of 117 Malaysian isolates of Enterobacter species, 39% of isolates were resistant to cefotaxime and ceftriaxone, 24% were resistant to ceftazidime, 8.5% were resistant to cefepime, and one isolate was resistant to meropenem. Chromosomal EBC family gene was amplified from 36 (47%) E. cloacae and three (25%) E. asburiae [48] . A study of E. cloacae isolates from central Taiwan reported a susceptibility rate of 53% to ceftazidime [9] . Focusing on cefuroxime-resistant E. cloacae isolates from southern Taiwan, we found a higher prevalence rate of plasmid-mediated ampC (73%) and ESBL genes (27%). Amikacin and carbapenems remained the most active compounds against these isolates (resistance rates, <10%), followed by colistin and cefepime (resistance rates, <20%), ciprofloxacin and tigecycline (resistance rates, <25%), and piperacillin-tazobactam (resistance rate, <30%). Aztreonam, ceftazidime and cefotaxime showed higher resistance rates of 54-56%. The ACT-like β-lactamases generally showed the highest activities against cefuroxime, cefoxitin, cefazolin and ampicillin. Nonetheless, the transconjugants with de-repressed ACT-like AmpC exhibited high-level MICs for ceftazidime, suggesting that substantial instances of the plasmid-mediated bla ACT-like genes were repressed or not fully expressed in the parental strains. The SHV-12 and CTX-M-3 also converted resistance of E. cloacae to aztreonam, ceftazidime and cefotaxime. Together with ESBL and some decrease of fluoroquinolone activities, AmpC-producing Enterobacter bloodstream infections will pose substantial therapeutic challenges to physicians.
The chromosomal ampC genes of EBC family (MIR-and ACT-types) have been identified in E. cloacae from central Taiwan [9] . MIR-1 and ACT-1, first identified in K. pneumoniae isolates, are the plasmid-mediated AmpC-type β-lactamase that originated from chromosome of E. cloacae [49, 50] . In a recent study of 53 E. cloacae bloodstream isolates from Shanghai, China, 18 (34%) were plasmid-mediated AmpC producers with a predominance of MIR/ACT types [51] . In the current study of 41 E. cloacae bloodstream isolates from southern Taiwan, 30 (73%) were plasmid-mediated ACT-like producers, including two isolates (EntC-6 and EntC-32) with a novel plasmid-mediated CMH-1 of EBC variant that showed a high level of resistance to ceftazidime (MIC, 128-256 mg/L) in both parental and transconjugants, suggesting inducible/derepressed and transferable characteristics of the bla CMH-1 gene. The E. cloacae EntC-29 strain harboring plasmid-mediated bla MIR-6 probably showed a repressed phenotype of low-level MICs to ceftazidime, cefotaxime and ceftriaxone.
As for the failure of transference for bla in conjugation experiments, the derepressed or inducible phenotype of MIR-6 could not be demonstrated in the study. However, the presence of bla MIR-like ampC genes on the plasmids among K. pneumoniae and E. cloacae highlights the capability of mobility of bla MIR between different germs of Enterobacteriaceae. Furthermore, a novel plasmid-mediated CMH-2 ampC gene with a sequence similarity of 98.6% to CMH-1 was recovered from two clinical K. pneumoniae isolates in India, suggesting continuous evolution and spreading of the bla CMH resistance trait [52] .
Unlike CTX-M-type enzymes frequently predominating in E. coli, K. pneumoniae, Proteus mirabilis and S. marcescens [39, [53] [54] [55] , SHV-12 is the major type of ESBL found in E. cloacae [56] . IS26 was recognized to play a role in the dissemination of bla SHV-12 by the transposons between different plasmids in multidrug-resistant E. cloacae isolates [57] . A previous report from central Taiwan identified 15.5% of E. cloacae isolates as ESBL-producers with a predominance of SHV-12 [56] . In the current study, although 11 (27%) isolates harbored ESBL genes (10 SHV-12 and one CTX-M-3), only eight isolates exhibit ESBL phenotype by DDST, which expression could probably be hampered by the coexistence of plasmid-mediated ACT-like enzymes in three isolates with bla SHV-12 and additional DHA-1 in one isolate.
The plasmid-mediated bla ACT genes, including bla CMH-1 gene, in E. cloacae might substantially enhance the capability of transmission of the resistance trait by different plasmid dissemination among clinical isolates with genetic diversity as shown by plasmid analysis and genomic typing methods. The ERIC-PCR amplification of E. cloacae isolates in the current study revealed different electrophoresis banding patterns and PFGE showed multiple pulsotype profiles, which provided more discriminative DNA patterns of the study population. The above studies conclude that the resistance genes in E. cloacae were involved in horizontal spreads of plasmids but not chromosomally clonal dissemination in of our study setting.
The limitations of the work include a rather small sample size of only 41 strains and a focus on bloodstream infection at a single institute, so that our conclusion might not be generally applicable to infections at different specific sites or to other hospital settings. However, routine surveillance and monitoring of the genetic evolution for antimicrobial resistance are important.
Conclusions
In the present study, high occurrence rates of plasmid-mediated ampC genes have been identified. Evidence of multiple plasmid-mediated ampC and ESBL genes in a single strain was identified. We demonstrated that the ACT-like and CMH-1 ampC genes are able to mobilize to different plasmids, some of which could further be self-transferred to E. coli recipient strains. The plasmid-mediated ACT-like ampC genes and coexistence with ESBL genes (mainly bla SHV-12 ) in E. cloacae isolates have been highly prevalent in southern Taiwan, and together with emergence of novel CMH-1 and MIR-6, might contribute to continuous evolution and complexity of antibiotic resistance mechanisms of the isolates.
The diversity of resistant patterns and mechanisms of E. cloacae isolates, capable of carrying multiresistant genes of the plasmid, self-transference of plasmid and high prevalence of plasmid-mediated ampC genes, including novel evolution of CMH-1 and MIR-6 genes, as observed in this study, might contribute to the broad dissemination of resistance traits among E. cloacae isolates in hospital environments. The impact of the novel findings will highlight the need to change physicians' habits of empirical antibiotic prescription when an E. cloacae strain is identified in the bloodstream infection before the results of the antimicrobial susceptibilities are available. Empirical extended-spectrum cephalosporins should not be recommended in such hospital environments. New β-lactam/β-lactamase inhibitor combinations, ciprofloxacin or carbapenems, as alternative options, might be the drug of choice, as the selective pressure of such compounds on antimicrobial resistance would still be low in the hospital.
Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/1/8/s1, Figure S1 : Complete DNA sequence of bla CMH-1 gene (accession number JQ673557), Figure S2 : The bla CMH-1 gene has high identities of 99% to a chromosomally intrinsic ampC gene in Enterobacter cloacae ATCC 13047 strain (accession number YP_003611068), Figure S3 : The bla CMH-1 gene has 88% identities to a chromosomal ACT-9 gene in Pantoea agglomerans (accession number YP_004712370), Figure S4 : The bla CMH-1 gene has 87% identities to a chromosomal ACT-2 gene in Enterobacter asburiae (accession number CAJ28994). 
